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]
To test the effects of infiltration velacity, soil type, and
soil structure on the mobilization of particles in the unsaturated
zone, we monitored particle concentrations and plutonium
activities in water moving through macroparous soils
during rainfall simulations at the Rocky Flats Plantin Colorado.
Rainfall simulations were conducted in three soil pits at
the same intensity and in one soil pit atthree intensities. The
rapid arrival of water at zero-tension samplers located

at depths from 15 to 70 cm indicated that macropore flow
dominated infiltration. Most of the particle mobilization
occurred during the initially slow infiltration of the first small
volumes of rainfall to pass through the soil, resulting in

a lack of correlation between particle concentration and the
discharge rate (Darcy velocity) of the infiltrating water.
Particle size distributions (1—50 m) were steady during the
simulations and displayed greater mass in the larger size
ranges. The amount of particle mobilization was not
related to soil composition. Three successive applications
of rainfall over 5—10-day intervals to the same soil pit
depleted the supply of particies that could be mobilized. The
plutonium content of the particles decreased with depth,
and plutonium transport was largely attenuated in the
upper 15—20 cm of soil.

Introduction

The infiltration of many contaminants through the unsatur-
ated zone is accelerated by association with mobile particles
(1,2). To predictthe rate of infiltration of these contaminants,
we must focus our attentdon on the mobilization and
transport of soil particles. Particles mobilized during rainfall
infiltration include clay minerals, sesquioxides, quartz and
feldspar fragments, and organic matter coatings in colloidal

water imposes shear stress on particles—but because rainfall
chemistry is fairly constant, variations in rainfall intensity
are expected to affect particle mobilization most significantly.

In model systems consisting of fluids flowing over
spherical particles attached to flat surfaces, the hydrodynamic
shear force Fu.,r depends on the flow velocity U, at the center
of the particle, the fluid viscosity #, and the particle radius
r(9):

Fupea = 1.70096murl, )

The shear force is opposed by a net electrostatic attractive
force that binds the particles to the grain. If the hydrody-
namic shear force exceeds the attractive force, the particle
will be mobilized (10). On the basis of eq 1, an increase in
velocity will increase the shear force and, hence, the amount
of particles mobilized. An increase in particle size will also
increase the shear force. In addition, a decrease in the
attractive force caused by chemical perturbation will promote
particle mabilization.

Testing this relationship in real soils is difficult owing to
initially unsaturated conditons and heterogeneity of soil
composition and particle size. In accordance with shear
theory, Kaplan et al. (4) reported that the amount of particles
mobilized was directly related to the flow rate of free-flowing
soil water in a soil repacked into a large test chamber. Kaplan
et al. () also reported that the size of mobilized particles
increased as the rate of infilration increased, a result atodds
with shear theory. Biddle et al. (5} reported no correlation
between rainfall intensity and colloid mobility in samples
removed by suction during natural rainfall experiments under
in situ conditions. A further complication involves the role
that soil structure may play in particle mobilization.
Macropores formed by desiccation, root decay, and earth-
worm burrowing have been linked to enhanced infiltration
of water, solutes (11), bacteria.(12), particles (3, 13). and
particle-associated actinides (14), but their effect on particle
mobilization has not been examined.

To test the effect of rainfall intensity, soil type, and soil
structure on particle mobilization, we conducted in situ
rainfall simulations at the Rocky Flats Plant, aformer nuclear
weapons manufacturing facility located about 20 km north-
west of Denver, CO. The soils are contaminated by actinides
that associate strongly with particles (Pu, Am, and U) and
marked by macropores formed by earthworm burrowing and
root decay that extend to depths 0f 30—100 cm (14— 16). These
field tests extend our understanding of particle mobilization
in soils by (a) combining controlled rainfall gimulations with
monitoring of particle mobilization under in situ conditions,
(b) examining the transport of a wide size range of soil
particles, and (c) focusing on the role of macropores in pardcle
mobilization and transport.
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2 .. Soil scientists have long recognized that particles are | gy pescription. The rainfall simulations were conducted

S o txan;logated or “illuviated” to lower soil horizons (6, 7), during August 1993 on a grassy hill slope near a former storage
2m e but little is known about the rate of particle mobilization or | g6 of steel drums that contained plutonium-contaminated

5 m o its dependence on rainfall intensity. Soil particles may be industrial oils (Figure 1). From 1958 to 1968, about 100 g of ©
2 é = mobilized by both chemical and physical perturbatons | ,1y1onium leaked from the drums, attached to soil particles, {3
E =S (8)—the low ionic strength of rainfall increases electrostaic | 214 was blown east and southeast by the prevailing winds
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repulsion between particles and grains and the infiltrating (15, 17). The fine-loamy, mixed, mesic Aridic A,giU§xou soils 22
contain three major horizons—organic-rich A, clay-rich upper

B. and calcified lower B (Table ); Figure 2). The soils contain
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macropores formed by decayed root channels and carthworm
burrows of >1 mm width that extend to depths. of~30—l00
cm. The fillings of thesc macropores contain significanty
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FAGURE 1. Block diagram of study site near former storage area of drums containing plutonium-contaminated oils. Soil pits 2—4 used

in this study; other pits used in previous studies (16).

TABLE 1. Physical, Chemical, and Mineralogic Characteristics of Soil Horizons Present in Soil Pits 2—4 at-the Rocky Flats Piant

(15, 20}
organic
soil soil depth sand’  silt* clay* sesquioxides? CaCo0; CEC carbon smectite®
pit horizon {cm) (%) (%) (%) {mmal kg~) (mmot kg~!) (mmol kg~'} (gkg~') pH (%)
2 A 0-7 644 191 165 98 40 274 100 7.2 5-30
Bw 7-19 698 153 149 92 30 198 54 7.0 5-30
Bt 19-50  49.1 16.7 34.2 72 20 228 13 7.0 30-60
28t 50-105  36.1 274 365 136 50 198 6 7.0 30—-60
3BCgk1 105+ 141 409 45 52 270 265 2 1.5 >60
3 A 0-18 673 171 15.6 94 100 279 100 7.0 5-30
AB 18-35 58.1 156 263 155 40 233 20 7.1 30-60
Bw 35-51 60.4 139 257 178 20 208 39 7.0 30—-60
BC 51-120 160 441 399 203 10 296 3 7.7 >60
BCk1 120+ 224 436 340 64 350 260 2 7.8 >60
4 A 0-18  64. 186 173 95 60 241 160 6.7 5-30
Bt1 18—41 384 216 400 171 40 279 18 6.5 5-30
Bt2 41-77 379 236 385 143 10 197 6 15 30-60
8Cg 77-108 386 239 375 245 90 264 9 7.3 30-60
2BCg 108+ 24.4 37.2 38.4 75 40 264 4 7.8 >60

* The sand, silt, and clay size fractions are >50, 2—50, and <2 um, respectively. ® Sesquioxide content is sum of Fe, Mn, and Al measured in
dithionite—citrate—bicarbonate so0il extracts. ¢ Smectite content is listed as the abundance of the clay size {raction.

greater plutonium activity than the surrounding soil, indi-
cating that they are pathways for preferential transport (15).
The average water table below the pits is located at depths
of 1.5—2.5 m; hence, the macropores do not reach the water
table.

Sampling Pits. The rainfall simulations were conducted
adjacent to three soil pits (pits 2—4) excavated and instru-
mented by Litaor et al. (16) about 1 year before these
experiments. Free-flowing water was sampled from zero-
tension samplers (ZTSs) in each pit to examine the effect of
macropores on particle mobilization. The ZTSs were installed
where macropores (>1 mm width) were evident. Water
flowing into the ZTSs drained into bottles in the base of each
pit and was pumped to the surface using a vacuum pump.

Rainfall Application. The simulations were conducted
by applying water over the upslope side of the pits following
the schedule in Table 2. The 8.3 cm h~! rainfall rate

approximately represents the rainfall intensity of the 100-
year return event for this area (7.7 cm h™!) (16). The rainfall
was delivered by a triple-nozzle sprayer that traveled back
and forth across a 6 m x 1 m area at a rate of about 6 m
min~!. The test areas were surrounded by a polyethylene
wind skirt to minimize water loss. The fine sprays of water
delivered by the nozzles did not properly simulate the impact
of raindrops; however, the nozzles did ensure even distribu-
tion of therainfall, which was checked using threerain gauges

. in the wetted area. Tap water was used as rainfall for these

experiments. The specific conductance of the tap water (30
#S cm™!) was higher than that of precipitation in this arca
(5—10 xS cm™") but still much lower than that of the soil
water (200—500 xS cm™1); therefore, the difference in ionic
strength between the tap water and precipitation should not
have affected the extent of particie mobilization.
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FAGURE 2 Cross-sections of soil pits used for rainfall simulations show ﬂimensions, soil horizons, and total particle mass and water
volumes arriving in each zero-tension sampler (ZTSs) during the 83 cm h-! simulations. Infiltrating water was never recovered from the
darkened ZTSs (e.g. ZTS 31 in pit 2). ZTS collection bottles were buried in the center depressions in each pit.

TABLE 2. Schedule of Rainfall Simulations at the Rocky Flats
Plaat doring Angust 1993

date soil rainfall rate*  vol time no. of

(1933) pit fem h™) (¥} (h) samples
August 3 pit 2 8.3 500 1.0 64
August 4 pit3 8.3 500 1.0 103
August 9 pit 4 8.3 500 1.0 106
August 19 pit 4 4.2 500 20 168
August 24 pit 4 16.7 500 0.5 110

* The rate of rainfall application was determined by dividing the
volume of water by the time of application and the wetted soil area (6
ml),

Sample Collection. Before each simulation, the collection
botties were emptied. After rainfall commenced, water was
collected most frequently from the shallow row of ZTSs by
emptying each bottie before switching the pump tubing to
the next bottle. Sampling frequency for the two deeper ZTS
rows was increased later in the simulations. The first arrival
of small volumes of infilrating water (10-20 mL) was
captured in each ZTS; also, all of the water reaching the ZTSs
was sampled.

Field Analyses. Sarmnple mass was measured to determine
the volume of infiltrating water. The mass of each sample
was measured by weighing the sample and bottle, subtracting
the average mass of the containers, and converting mass (o
volume after accounting for the particle concentration.
Earthworms were found in about 10 samples and removed
before weighing. Turbidity was measured to determine the
particle concentration of each sample. The samples were
vigorously shaken, poured into glass test tubes, and measured
inaHach Ratio/XR turbidity meter on the 0—2000 NTU scale.
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Laboratory Analyses. Forsamples with turbidities >2000
NTU, the particle concentration was measured gravimetri-
cally. Samples were sonicated (80 W, 30s) and shaken (vortex
mixer, 5 min) before aliquots were withdrawn from an
intermediate depth in the sample bottle and emptied onto
weighed glass dishes in an oven at 105 °C overnight The
particle concentrations for the samples with turbidities of
greater than 2000 NTU ranged from 4.5 to 9.8 g L™!. The
error (+10) for this procedure was 8% of the mean value for
replicate samples. The particle concentrations of 11 samples
with turbidity less than 2000 NTU were also determined
gravimetrically to provide a calibration of turbidity (T, NTU)
vs particle concentration (C, g L™}). The calibration curve
produced the linear regression C=0.0023Twith the intercept
set to zero (R? = 0.986).

Particle size distributions of 103 samples tvere determined
by alight blocking instrument (Particle Sizing Systems Model
770). The instrument was calibrated using latex beads (1—
30 um). The samples were sonicated and shaken to ensure
that the size distribution of primary (disaggregated) particles
was measured. Sample dilutions were made with dejonized,
filtered water. Particle size distributions were reported in 64
channels spanning the size range from 1.0 to 220 um diameter.

Particles from nine samples were analyzed by scanning
electron microscopy (SEM; ISI SX-30) and energy-dispersive
X-ray (EDX; Kevex Delta Pro) spectroscopy at 30 kV ac-
celerating voltage. The particles were trapped on 0.22-um
silver filters by suction filtration, attached to aluminum stubs
using graphite, and coated with gold.

The electrophoretic mobility of five particle suspensions
was measured by laser Doppler velocimetry (Brookhaven
ZctaPlus). The samplers were sonicated, shaken, and sub-
sampled as described above and diluted, if necessary, to
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FIGURE 3. Total particle concentrations for afl ZYSs versus rainfafl
intensity during the three simulations of different rainfall intensity
in pit 4. Time intervals and order of simulations shown.

obtain the optimal photon count rate. A significantamount
of particles settled out of the suspension during measure-
ment. The pH of the particle suspensions was adjusted from
2 to 7 by adding dilute HNO;. Each sample was measured
in triplicate with a maximum error in the electrophoretic
mobility of 30% near the isoelectric point (pHiep).

The B¢Pu and #924%Pu activity of 30 samples was deter-
mined by alpha spectroscopy. The samples and an added
242py tracer were digested with HF and HNO;, reduced to
residues, redissoived in HNG;, and transferred to an anion
exchange resin column (AG 1 x 8 resin, 100—200 mesh, Cl1-
form, Bio-Rad Laboratories) converted to nitrate form.
Plutonium was eluted from the column by a 1.5 N HCl/0.6%
H20; solution (Pu). The Pu eluents were coprecipitated on
NdF; and mounted on 0.2-um membrane filters on carbon/
NdF; substrates. Alpha emissions of the samples were
counted for 120 min in an EG&G Alpha Eight spectroscopy
system. Average yield was 78 % 13% for the 22Pu tracer.
Control spikes and matrix duplicate spikes prepared by
adding Z2Pu to a reagent blank and a split of one sample
showed accuracies 0f 99+ 10% and 92.8 + 9.2%, respectively.

Results

Infiltration Rates and Particle Concentrations. Flow into
most ZTSs was initially slow, followed by fast and steady
flow for a ime approximately equal to the rainfalt duration.
Finally, the fast infiltration was followed by a short period
of low flow as the remaining free-flowing water drained into
the ZTSs (Suppporting Information). A total of 8.3 cm of
rainfall was applied in each simulation and the volume flux
(cm; total volume of water divided by ZTS areaj arriving in
the ZTSs ranged from near 0t0 4.6 cm. The total volume and
total particle mass arriving in each ZTS during the 8.3cm h™!
simulations in pits 2—4 are shown in Figure 2.

Particle concentrations in the ZTS samples ranged from
0.02 to 9.8 mg cm™*. Particle concentrations were high in
the first few samples in most ZTSs and low in the later
samples. Total particle concentrations measured during the
4.2 and 16.7 cm h~! events in pit 4 were lower than those
measured during the 8.3 cm h~! event (Figure 3). The mean
(+o0) total particle concentrations were 1.22 + 0.89 mg cm™3
for the 0—-20 cm deep ZTSs, 0.51 + 0.51 mg cm™ for the
20-40 cm deep ZTSs, and 2.59 + 3.59 mg cm ™ for the 40—70
cm deep ZTSs during the 8.3 cm h~! simulations. The deep
ZTSsusuallyreceived high concentrations of particles in small
volumes of infiltrating water.

Particle Size Distributions. The number of particles
decreased with increasing particle size (Figure 4). Induplicate
samples, the total number of particles and the number of
particles in any size bin varied by less than 10%. The slope
of logarithmic plots of particle number per size range (dN/

dN/dd, (particles mL™" ym!)

IZ ,"J"ll,z

1 2 3 4 5678 10
particle size dp {um)
FIGURE 4. Particle size distribution for a single sample, ZTS 415,

34 min, 8.3 cm h" rainfall simulation. Error bars indicate range of
duplicate samples.
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FAGURES. I2%py activity versus particle concentration for samples
from pit 4 during the 8.3 cm h-" rainfal! simulation. Two outliers
from ZTS 4—15 (fitled circles) are shown on plot but not included
in the regression for ZTS 4-15.

dd;, particles cm~3 4m™') versus particle diameter (dp) was
used to determine the value of the fitting constant § in the
relationship

N=kd,™ @

in which k is a fitting constant (16). The mean § value for
all 103 samples was 2.10 + 0.09 (£10), indicating that the
particle size distributions were quite similar in all of the pits,
at all of the depths, and over all of the sampling times.

Particle Morphology, Composition, and Electrophoretic
Mobility. The particles consisted of platy fragments in the
<10 um size range and a few larger grains in the 10—50 um
size range. Using an EDX data classification scheme (19},
the platy fragments were identified as montmorilionite and
the grains as quartz and microcline. Iron peaks in the EDX
spectra may reflect the presence of the ferric oxyhydroxide
phases responsible for much of the adsorption of plutonium
in these sediments (20). The pHip of the particles were
uniformly in the range of 3.0~4.0, consistent with measured
pHip values for 2:1 clay minerals (21).

Plutonium Activity. The plutonium activity of water
arriving in ZTSs 15, 24, and 34 decreased with depth with the
exception of two outliers of very high Pu or particle

. concentrations. The total 23324°Pu activity was closely related

to particle concentration (Figure 5). The total 28py activity
was below the detection limit in all but one sample. an
sample collected in ZTS 15 during the 4.2 cm h™! simuladon
registered 1060 pCi L™, about five tmes greater 29.240py
activity than any other sample measured, sugggsting q'nat
the sample may have contained a pure PuQ; particle similar
to those found at the site in previous surveys (22).
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TABLE 4. Correlations of Total Particle Concentration to Soil Properties (Table 2) for Each ZTS (n ='38) during the 8.3 cm h™!

Simulations in Pits 2—4

total particle ranges of
concn (mg cm™~3) depth-averaged slope intercept
versus soil parameters E] (+o) R?
c!ay (%) 15.6—-32.1 0.17 + 0.06 -2.1%+13 0.18
silt (%_) ) 15.6—-21.1 0.37 £ 0.22 —5.4 1+ 4.1 0.072
sesquioxide (mmol kg=1) 82-141 0.014 £ 0.020 -0.068 + 2.2 0.013
CaCO;3; (mmol kg™) 26-100 —0.027 £ 0.014 3.1+£091 0.095
CEC? (mmol kg~") 226-279 -0.025 + 0.020 79+5.0 0.044
organic carbon (g kg~"} 39-160 -0.015 £ 0.011 29+1.1 0.055
* Cation exchange capacity.
detected between total particle concentration and other soil
10 ooean particies (Lerman et al., l977)] properues.
Interestingly, particle concentration was not related to

granite fracture paruides

. | e
LRI B

FIGURE 6. Particle size parameter § versus time of rainfall
simulations. f is the expanential fitting constant in the relationship
relating particle number to particle size, N = kd, ™, determined
from particle size distributions for samples from ZTS 4—15 during
the 8.3 cm b simulation. Range of 8 values reported for particles
in oceans end granite fractures shown by brackets on right

Even though the size of the mobilized particles did not
vary with discharge rate, the 8 values for these particle size
distributions suggest that shear may be involved in their
generation. Particle size distributions characterized by g ~
3, such as those commonly detected in samples from oceans
(18}, contain equal mass over the range of sizes measured.
Size distributions with f values less than 3 have more mass
in the larger sizes than in the smaller sizes. Larger particles
are preferentially generated by shear or “erosion”. For
example, Degueldre et al. (23) measured § values between
2.0 and 2.5 for particle size distributions in samples collected
from granite fractures through water flowed freely.

The particle size distribution results reported here cannot
be compared directly to those reported by Kaplan et al. (4).

. Weexamined particle greater than 1 um using a light-blocking
technique that, like electrical conductivity (e.g.. the Coulter
Counter) and direct particle counting (optical-and electron
microscopy) techniques, typically reports particle size dis-
tributions that conform to the power law N = kd,™®. They
focused on particles less than 1 um using photon correlation
spectroscopy, atechnique thatis best suited to measurement
of monodisperse particle distributions (24).

Particle Concentration and Soil Composition. We
examined the correlation of total particle concentrations in
the three soil pits with properties of the soils horizons in
which the ZTSs were located (Table 4). For deeper ZTSs, the
soil propertics of the overlying horizons was depth-averaged
to reflect the flow path from the surface to the ZTSs. A very
weak correlation was observed for the clay content of the
soils (R2 of 0.18), which may suggest that the clay-sized
fraction is a source of particles, but this correlation was largely
influenced by just a few samples from deep ZTSs in high clay
horizons that received little water and, thus, high total particle
concentrations. No correlations better than R 20f0.095 were

the sesquioxide content of the soil horizons, despite the
important role of positively charged oxides in limiting the
transport and controlling the mobilization of particles (25,
26), nor was particle concentration related to the organic
carbon content of the soil horizons, even though organic
matter adsorption can strongly influence the particle—grain
interactions that control particle mobilization (4, 27). The
lack of correlations may be attributed to the relatively small
range of soil properties in these soils.

Plutonium Transport during Rainfall Simulations. The
correlation between total #929Py activity and particle
concentration (Figure 5) reinforce the assumption that
plutonium transport is dominated by particles. Recently,
Litaoretal. (14) showed that83—97% of theactinides present
in the interstitial waters of the Rocky Flats soils were
associated with particles trapped on 0.45-um filters. The
distribution of plutonium with depth closely matched the
plutonium distributions measured by Litaer et al. (15, 16) in
the soils and infiltrating water.

The activity of 292¢Pu in the infiltrating water decreases
by 3 orders of magnitude from the shallowest to deepest ZTS
in Pit 4 (Figure 5), indicating that the ransport of plutonium
by infiltrating rainfall is substantially attenuated in the upper
soil horizons. Using plutonium as a tracer of the partcle .
transport, we infer that most of the particles arriving in the
deeper ZTSs must have been mobilized near those ZTSs and
not transported from the upper horizons.

Possible Effects of Macropores on Particle and Pluto-
nium Transport. The lack of correlations between particle
concentration, particle size, infiltration velocity, and soil type
may be caused by the dominance of macropore flow in these
soils. For example, if most of the infiltration in the Rocky
Flats soils was funneled through macropores, the supply of
particles may have been quickly exhausted by the initial
pulses of infiltrating water, resulting in a lack of correlation
between particle concentration and discharge rate. Our

‘results differ from those of Kaplan et al. (4), who abserved

a strong correlation between particle concentration and
infiltration flow rate in a soil that was repacked into a test
chamber, which likely resulted in the loss of any macroporos-
ity or preferental flow paths. On the other hand, Biddle et
al. (5) did not observe any correlation between particic
concentration and rainfall intensity in natural, undisturbed
soils in which macropore structure may have been prescrved.

The lack of correlation between particle concentration
and soil properties may also be caused by flow through
macropores. If the composition of the macropore linings
are different from that of the surrounding bulk soil as other
rescarchers have observed (28), any relationship between
the bulk soil properties and particle concentration may be
obscured. For these Rocky Flats soils, we know only that the
plutonium activity of the macropore fillings was significanty
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_Discussion

Indications of Macropore Flow. The rapid arrival of
infiltrating water, the abrupt end of its flow, and the lack of
correlation between the volume flux of infiltrating water and
the hydraulic conductivity of the soil horizons signaled to
Litaor et al. (16) that macropores were the predominant flow
path in these soils during similar rainfall simulations in these
soils. During our simulations, the arrival of infiltrating water
in the ZTSs was even more rapid. The mean and standard
deviation of the volume fluxes to all ZTSs was 1.09 +0.78 cm
during the 1-h 8.3 cm h™! events, about twice the mean
volume fluxes (0.55—0.62 cm) measured during their simula-
tions of 100-year return events (7.7 cm h™') lasting 0.5, 1.0,
and 2.0 h. The arrival of infiltrating water usually ended
within 30 min after the end of the rainfall application during
our simulations, indicating free-flowing water. We also
observed a similar lack of correlation between volume flux
and hydraulic conductivity of the soil horizons in which the
ZTSs were located for the 8.3 cm h~! simulations in pits 2—4
(R?=0.080; n = 38). From these results, we conclude that
the macropores were hydrologically active to depths of at
least 70 cm below the surface (the depth of the deepest ZTSs).

Particie Concentration and Infiltration Velocity. We
examined the data for correlauons between particle con-
centration and dlscharge rate, the Darcy velocity of the
infiltrating water, calculated as the ratio of the flow rate (cm?
min!) to the area of the ZTSs (540 cuf?) (Table 3). These
discharge rates should be directly proportional to pore
velocities; hence, the shear force generated by the infiltrating
flow should be directly proportional to these discharge rates.
No correlations were observed for the entire data set or for
any subset of the data (maximum R 2 of 0.027). The lack of
correlation seemed to be the result of the mobilization of
high particle concentrations early in the simulations when
the instantaneous discharge rates were low (<0.01 cm min™).

" If thie initial puilse of infiltrating water was responsible for
mobuxzauon of high particle concentrations, we would expect
an inverse relationship between the total particle concentra-
tion (the total mass of particles divided by the total volume
of water) and total volume of infiltrating water reaching each
ZTS (Table3). These parameters were only weakly correlated
at best (maximum R 2 of 0.15), but the slopes were negative
for all rainfall simulations. Thus, particle concentrations were
generally higher if only small volumes of water reached the
ZTSs.

Particle Concentration and Rainfall Intensity. On the
basis of shear theory, we expected that particle mobilization
would increase with increasing rainfall intensity. The 8.3
cm h-! simulation mobilized more particles than the 4.2 cm
h™! simulation; however, the 16.7 cm h™! simulation mo-
bilized fewer particles than the 4.2 cm h~! simulation (Figure
3). We surmise that the 5-day interval between 4.2 and 16.7
cm h-! simulations was insufficient to allow regeneration of
the supply of particles in the soil, which places in doubt the
difference in particle mobilization observed between the 8.3
and 4.2 cm h™! simulatons with a 10-day interval. These
tests indicate that processes that generate particles in soils
(e.g., aeolian deposition, earthworm burrowing, soil drying,
raindrop impact) occur slowly relative to the 5—10-day
intervals between these simulations.

Particie Size and Infiltration Velocity. Accordmg toshear
theory, larger particles will be mobilized by fiows of lower
velocity, and smaller particles require flows of higher velocity
for mobilization. Because discharge rates were initially low
and later increased during the simulations, we expected to
see larger particles in the inidal samples and smaller particles
in the later samples. Instead, the particle size distributions
in all of the samples measured had a consistent B value (2.10
+ 0.09), indicadng that particle size was not related to
discharge rate (Figure 6).
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TABLE 3. Correlations of Particle Concentration to Instantaneous Discharge Rate (for Each Sample) and Total Particle Concentration to Total Volume of Water (for Each ZT$)
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greater than in the surrounding soils (15). The constancy of
particle size with varying infiltration velocities may also be
caused by macropores. Earthworm burrowing that produced
the macropores may also produce an abundance of reworked
soil particles of relatively uniform size in the macropores.
Owing to prohibition of the removal of contaminated soil
from the site, we could not obtain samples from the pits to
confirm these hypotheses. Further experiments are necessary
to provide environmental managers with better predictive
tools for assessing the effects of rainfall intensity on particle
and particle-associated contaminants in soils.
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SUPPLEMENTARY FIGURE CAPTION

Supplementary Figure. Particle concentrations and cumulative water volume arriving in ZTSs
during (a) the 8.3 cm h'! simulation in Pit 2, (b) the 8.3 cm h™' simulation in Pit 3, (c) the 8.3 cm h’!
simulation in Pit 4, (d) the 4.2 cm h'! simulation in Pit 4, and (e) the 16.7 cm h”’ simulation in Pit 4.
Duration of rainfall marked by the vertical dashed line. Symbols (both open and filled) represent
individual ZTSs in each row where x is the row: O, ZTS x1; O, ZTS x2; A, ZTS x3, V, ZTS x4, O,

ZTS x5.
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(a) Pit 2 -- 50 year event
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(b) Pit 3 -- 50 year event

) 1600 iy rai’lf-all ................
¢>) — duration | gFF g -
5 & 1200 g% s
'_:( Q) 800 = Og q gD D ................................. (]
c E &0
5.2 4004 LFE
v O o I
>0 ZTS Row 1
5 8.0 -
:"Q ""_1 6.0 -
Q. 20 -
0.0 - '
0 240
4 3 1600 1 rainfall ;
g é 1200 4 duration 4Ib§@@9.-33?-.‘-3—@::::::::::::::::::.'::::.Q]
E g 800 1 ;rgﬁ?
g 3400 A VG i-AA”A ...... A
Qo O A~ A
g - ZTS Row 2
w
~
[ & I
o — h—l
§ oo 407
o,
g :
180 240
4 ' 1600 rainfall ;
g \E/ 1200 1 duration {
= g 800 - |
E 5 |
400 - A-A—A—'—é ...... O evvorrrninnns o TOTT TSI Te)
s X5 00
S-S SO -Gl AN :

60 120

time (min)



cumulative
volume (mL)
N N
(]
o

particles

. rainfall
< el
duration _ o
“..O“”.Qv:A.v.“.O
Lo
0o
Q0 v
oo . _D
AN W_Q..D

ZTS Row 1

(0]

cumulative
volume (mL)
| (TN S
O O O O
O O O O

particles
(gL

800 A
600 -
400 A
200 A

(mL)

cumulative

volume

8.0 -
6.0
8o %.o T
2.0 A

Lh

(

particles

120 140 160

rainfall
= o
uration
| D 4
L&e
Dn o0
&y o T o
Jay a.. ..._ ....O.o...
0 <
PNV LA

ZTS Row 2

L] T

120 140 160

rainfall
duration

-

0.0
0

lyan et al., Supplementary Figure C

T

20 40 60 80 100 120 140 160

time (min)




(d) Pit 4 -- 25 year event
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. (e) Pit 4 -- 100 year event
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